Abstract: Quaternary carbon stereocenters are presenti n aw ide variety of organic compounds and drug molecules. Highly enantioselective construction of such quaternary carbon stereocentersh as received considerable attention owing to the great challenges in their syntheses. With the development of asymmetrico rganocatalytic cascade reactions, several efficient methods for the construction of optically pure compounds with quaternary carbon centers have been developed. This focusedr eview highlightst he asymmetric synthesis of chiral compounds with quaternary centers through organocatalytic cascade reactions.
Introduction
Opticallyp urec ompounds that play important roles in the fields of chemistry,l ife sciences, and pharmacology are commonly present in nature as av ariety of natural products. Simple and convenient methods for the synthesis of chiral compounds have becomeaprolonged endeavor of chemists owing to their importance and broad applications.A sa symmetric catalysis has the advantages of high stereoselectivity, economical processing, environmental protection,a nd easy industrialization, it is currently the most effective methodf or asymmetrics ynthesis. The field of asymmetricc atalysis was originally dominated by metal catalysis and biocatalysis for al ong time. In 2000, List et al. first reported the proline-catalyzed direct asymmetric intermoleculara ldol reaction, and suggested that the mode of enamine catalysis could be used as av ersatile strategy. [1] Then, MacMillan et al. reported an asymmetric Diels-Alder reaction catalyzed by their chiral imidazolidinone catalyst and proposed the mode of imine catalysis. [2] More importantly,t hey put forward the concept of organocatalysis, whichh as been developed rapidly and become the third branch of asymmetric catalytic reactions since then.
Organocatalysis, the use of non-metallics mall organic molecules to catalyze organic transformations, has enjoyedp henomenal growth as these smallo rganic molecule catalysts are non-toxic, inexpensive, easy to prepare, stable in air and water and so on, compared with metal catalysts. So far,avariety of organocatalytic modes have been developed. As an important field of asymmetric organocatalysis, organocatalytic cascade reactions are characterizedbytheir high efficiencies and biomimetic syntheses of target molecules, which are similar to the biosynthesis of natural products. [3] Through organocatalytic onepot multistep reactions, complicated chiral products can be obtainedt hrough organocatalytic cascade reactions from simple and readily available substrates, under mild reaction conditions, with simple operations without costly protectiondeprotection processes, and also without the need to purify the intermediates. Several newly createdb onds and stereocenters can be established by these reactions with good stereoselective control.Therefore, it is highly efficient to synthesize natural products and bioactive molecules by asymmetric organocatalytic cascade reactions.
It is noteworthy that several terminologies have been utilized to describe multistep reactions that take place in one pot, which include "cascade", "domino", and "tandem" reactions. For example, Tietze suggested the use of "domino" rather than "cascade" or "tandem", and defined ad omino reaction as aprocess involving two or more bond-formingtransformations that take place under the same reactionc onditions without adding additional reagentsa nd catalysts, and in which subsequentr eactions result as ac onsequence of the functionality formed in the previousstep.
[4] Denmark proposedkeeping the all-encompassing definition of "tandem"a sr eactions that occur one after the other,a nd use of the modifiers "cascade" (or domino), "consecutive",o r" sequential" to specify how the two (or more) reactions will follow. [5] Fogg classified one-pot processes as one-pot reactions, domino( cascade) catalysis, and tandemc atalysis, which weref urthers ubdivided into orthogonal catalysis, auto-tandem catalysis, and assisted-tandem catalysis. [6] Hayashi utilized the term "one-pot synthesis" in his review,w hich has am uch wider meaning than ac ascade, domino, or tandem reaction, to encompass all such reaction types. [7] Nicolaou pointed out that the descriptors" domino", "cascade",a nd "tandem"w ere often seeminglyi nterchangeable from one another in the literature. [8] In this review,N icolaou's viewpoint has been employed and the term "cascade" is mainly employed to encompass all of the above descriptors just to be simple.
Quaternary carbon stereocenters, carbon centers with four different non-hydrogen substituents, are present in awide variety of naturalp roducts and drug molecules. It used to be ag reat challenget oc reate quaternary carbon stereocenters with high enantioselectivity in organics ynthesis, however,s ynthetic chemists were and still are very interested in this area. [9] Overman recently summarized some synthetics trategies toward complex natural products with two or more contiguous quaternary carbon atoms in their intricate structures,w ith emphasis on the methods to create quaternary carton stereocenters.
[9d] Clearly, it is both significant and very useful to develop efficient processes to construct quaternary carton stereocenters in ah ighly enantioselective manner. With the development of asymmetric organocatalytic cascade reactions,s everal new types of efficient methods for the construction of optically pure compounds with quaternary carbon centers have been developed. Although many reviews about organocatalytic cascade reactions have been reported, [3] it is still highly desirable to summarizet he asymmetric synthesiso fc hiral compounds with quaternary centers through organocatalytic cascade reactions;t hus, we will discuss these highly efficient methods for the highly enantioselective construction of quaternary carbon stereocenters.
This review highlights the asymmetric synthesis of chiral compounds with quaternary centers through organocatalytic cascade reactions, wherein aminocatalysis and hydrogen-bonding catalysis are mainly described. At the end of this paper, ion-pairing catalysis is also briefly discussed.
Asymmetric Aminocatalytic Cascade Reactions
Aminocatalysis, which includes iminium and enaminec atalysis, has maturedi nt he 15 years since it was first reported in 2000. [10] It is now aw ell-established andp owerful synthetic tool for the chemo-and enantioselective functionalization of carbonyl compounds. According to the differentt ypes of catalysts, aminocatalysis has been classified into secondary andp rimary amine catalysis.
Certain chiralpentacyclica mines are mainly used as catalysts for secondary amine catalysis, in particularp roline and its derivatives, [11] including diarylprolinol ethers and phenylalaninederived imidazolidinones. They provide ar eliable synthetic platform fort he asymmetric functionalization of aldehydes at positions from a to e.C urrently, the mostc ommonly used primary aminec atalysts are cinchona-based primary amines, such as 9-amino-9-deoxy-epi-cinchona alkaloids, which were developed independently and almosta tt he same time by Chen et al., [12] Melchiorre et al., [13] and Connon et al. [14] in early 2007. Av ariety of sterically hindered carbonyl compounds that cannotb ef unctionalized by using secondary amines can be stereoselectively functionalized by using primary amines, which greatlye xpands the potentiala pplication of chiral aminocatalysis.
Asymmetric aminocatalyzed cascader eactions are divisible into two classes;( 1) iminium-initiated cascade reactions, (2) enamine-activated cascade reactions.
Iminium-initiated cascadereactions
Cascade reactions induced by iminium catalysis in the first step are defined as iminium-activated cascade reactions. In most cases, the iminium-initiated reactions are followed by enamine-mediated processes in the subsequents tep, and various cyclic structures can be obtainedb yt his iminium-enamine catalytic sequence.
The rapid construction of high levels of molecular complexity and stereoselectivity involving multiple catalytic modes are very attractive in organic synthesis. Chen and co-workersh ave developed ao ne-pot, three-component cascade Michael-Michael/Michael-aldol process for two different a,b-unsaturated aldehydes with (E)-4-(1-methyl-2-oxoindolin-3-ylidene)-3-oxobutanoates 1 catalyzed by a,a-diphenylprolinol O-TMS ether 3 combined with benzoica cid as the cocatalyst. [15] As eries of fused tetracyclic skeletons 2 bearings ix contiguous stereocenters were obtained with excellent yields and enantioselectivities. Based on this method, ac omplex polycyclic framework with up to eight contiguous chiral centers has been established efficiently with a,b-unsaturated aldehydesa nd nitroolefins. They have also proposed amechanism of quadruple iminium-enamine-iminium-enamine catalysis to explain this reaction. As shown in Scheme 1, the intermediate 4 was generated after the first cascade Michael-Michael reactionb etween 1 and one equivalent of the a,b-unsaturated aldehyde, then the second Michael-aldol process occurred with the second equiv- Complicatedi ndole derivatives have drawn considerable attention because it was difficult to synthesize them but their structurem otif can be frequently found in natural products and pharmaceuticals. Therefore, it is of great interestt od evelop catalytic enantioselective synthetic methods to construct them. Youa nd co-workersh aved eveloped an intramolecular Michael/Mannich cascade reaction of indolyl methyl enones 5 catalyzed by aq uinine-derived primary amine 7,a nd as eries of tetracyclic indole derivatives 6 were synthesized in high yields with good diastereoselectivities and excellent enantioselectivities (Scheme 2a). [16] Under the optimal reaction conditions, the enantiomerso ft he polycyclic products could also be obtainedw ith excellent enantioselectivities and moderate to high diastereoselectivities by using the pseudoenantiomer of 7.T os hed light on the reaction mechanism, it is desirable to isolate the intermediate. However,t he indolenine intermediate 8 is very reactive and inseparable under the optimal reaction conditions. WithaBINOL-derived phosphoric acid, 8a could be obtainedi n3 5% yield from 5a.I nt he presence of ac atalytic amount of 7 and 2-NBA, 8a was smoothly converted into product 6a in 95 %y ield (Scheme 2b). This result suggested that the cascade reaction very likely proceeded through an iminium-catalyzed nucleophilic Michael addition and as ubsequent enamine-catalyzed intramolecular Mannich reaction. To demonstrate the synthetic utility of this methodology,a n analog of (+ +)-kreysiginine was efficiently synthesized in 99 % ee and the absolutec onfigurationw as in accordance with that of the natural product.
The total synthesis of (+ +)-minfiensinew as completed by MacMillan and co-workersi nn ine steps with 21 %o verall yield from commercial availables tarting materials. [17] One of the prominentf eatures of this synthesis was the amazingly efficient construction of the central tetracyclic pyrroloindoline framework, which involved an ovel organocatalytic DielsAlder/amine cyclization cascade sequence using only an amine catalyst, propynal, andasimple tryptamine derivative 9 (Scheme 3). They proposed that an activated iminium ion with an acetylenic group that was partitioned away from the bulky tert-butyl substituent of the catalyst framework should be generated through the condensation of secondary amine catalyst 13 with propynal (TS-A). In this conformation, the top face of the reactive alkynew ould be shielded by the aryl ring, facilitating an endo-selective Diels-Alder cycloaddition with 2-vinylindole 9 to produce the tricyclicd iene 10 in ar egioselective manner.P rotonation of the enamine moiety would then give rise to an iminium ion 11,w hich facilitated a5 -exo amine cyclization to deliver the tetracyclic pyrroloindoline 12.Acatalyst structure evaluationt est has also been investigated, and the 1-naphthyls ubstituted catalyst 13 b provided superior yield and enantioselectivity,w hich was presumably due to the extended shieldinge ffect of the naphthyl ring in the [4+ +2] transition state. It was also important to note that the high efficiency (80 %y ield, 94 % ee)o ft his cascade could stillb em aintained even with the catalyst loading as low as 5mol %.
Twoy ears later,M acMillan and co-workersd emonstrated the capabilities of collective total synthesis in combination with organocascade catalysis, as ynthetic strategy that facilitated the asymmetrict otal syntheses of six well-known alkaloid natural products:s trychnine, aspidospermidine, vincadifformine, akuammicine, kopsanone, and kopsininefrom acommon tetracyclic intermediate 14 ( Figure 1) . [18] The key tetracyclic precursor 14 was established through an asymmetricD iels-Alder/belimination/conjugate addition organocascade sequence from asimple tryptamine-derived substrate 15.Similar to their previous studies, [17] they proposedt hat an endo-selective DielsAlder reactionw ould initiate this reactiona nd form the cycloadduct 17,w hich would be poised to undergo facile b-elimination of methyl selenide to furnish the unsaturated iminium ion 18.I nt he second cycle, iminium-catalyzed 5-exo-heterocyclization of the pendant carbamatem ight occur at the d-position of the indolinium ion (18!19;S cheme 4, path A) to deliver the enantioenriched spiroindoline core 14 after hydrolysis. Another possibility that was also considered was that iminium 18 might undergo facile cyclization at the indoline carbon to generate pyrroloindoline 20 transiently (Scheme 4, path B). Amine or Brønsted acid catalysis might thereafter induce the necessary 5-exo-heterocyclization of the pendant carbamate to furnish 19.N otably,t hey have gathered evidencet hat path Bo ft he cascade sequence was operational.W hen this transformation was performed in the presenceo fastoichiometric catalyst at Scheme3.Organocatalytic Diels-Alder/amine cyclization sequence for the construction of the tetracyclic pyrroloindoline framework. Scheme4.Proposed mechanism of organocascade cycles for the generation of ac ommon tetracyclic intermediate 14.
À78 8Ca nd quenched after 10 min with Et 3 N, pyrroloindoline 20 (R = p-methoxybenzyl (PMB), 84 %y ield) was obtained. Moreover, both 16·TBA (TBA = tribromoacetic acid) and Nmethyl 16·TBA (incapable of undergoing iminium formation) facilitated the conversion of pyrroloindoline 20 (R = PMB) to the spiroindoline 14 (R = PMB) at comparable rates.
In 2013, MacMillan and co-workersc ompleted the first enantioselective total synthesis of (À)-minovincine 23 in nine steps with 13 %o verall yield (Scheme 5). [19] Based on previous studies, [18] the tetracyclic core 22,w hich could be synthesized from simple tryptamine-derived and ketones ubstrates, was also the key intermediate of this synthesis. At first, they believed that there would be as ignificant challenge in the amine-catalyzed Diels-Alder and cascade catalysis reactions owing to the markedly different behaviors of ketones and aldehydes. More specifically,k etones typicallye xhibit attenuated reactivity towards condensation with secondary amines,w hich would dramatically impact the overall reactione fficiency,a nd they are prone to nonselective iminium geometry formation with amine catalysts, leading to diminished enantioselectivity in the critical bond-forming step. Nonetheless, the tetracyclic core 22 was successfully constructed in ah ighly enantioselective manner with their imidazolidinone catalyst 24.
Highly substituted chiral spirooxindoles are often found in natural products or syntheticm olecules of pharmaceutical interest. Barbasa nd co-workers reported ah ighly efficient Michael-aldol cascade reaction catalyzed by commerciallya vailable second-generation prolinol ethers 3 by using the simple startingm aterials of 3-substituted oxindoles 25 and various a,b-unsaturated aldehydesi nasingle step (Scheme 6). [20] Av ariety of spirocyclopentaneoxindoles 26 wereo btained in high yields with excellent diastereo-and enantioselectivities.
In 2012, Melchiorre and co-workers discovered that the cinchona-based primary amine could condense with b-substituted cyclic dienones 27,w hich facilitated the formation of an extended iminium ion intermediate I,w ith an enhanced electrophilic charactera tt he d-carbona tom through the conjugated p system of cyclic a,b,g,d-unsaturated dienones (Scheme 7). The resultingv inylogousi miniumi on activation accounted for ah ighly d-site-and enantioselective 1,6-addition of alkyl thiols. [21] Then, in 2013, they expanded this activating mode and established the first example of vinylogouso rganocascade catalysis. [22] Highly enantioenriched spirocyclopentane oxindoles 28 were established through the d-addition/aldolization sequence from b-substituted cyclic dienones 27 and 3-substituted oxindoles 25 under ac inchonap rimary amine 29 (Scheme7). This transformation was initiated by ar areo rganocatalytic 1,6-addition of ac arbon-centered nucleophile and the stereochemical information was transmitted to distant positions. The resulting vinylogousi minium ion/dienamine activation sequence led to highly enantioenriched d-a nd g-functionalized chiral carbonyls with the a,b-unsaturated system preserved.
Later,t he same group reported another rare example of an asymmetric1 ,6-addition cascade reaction, which realized the construction of valuablet etrahydrofuran spirooxindole derivatives 32 from 3-hydroxy-2-oxindoles 30 and linear 2,4-dienals 31 with good yields andh igh stereoselectivities (Scheme 8). [23] This transformation was based on a d-addition/oxa-Michael cascade reaction throughav inylogous iminium-iminium activation sequence. The main reason for the success of this reaction was the rational design of the substrates. NMR spectroScheme5.Enantioselective total synthesis of (À)-minovincine.
Scheme6.Synthesis of highly substituted chiral spirocyclopentane oxindoles.
Scheme7.Synthesis of spirocyclopentane oxindoles using the strategy of vinylogous organocascade catalysis. scopic studies indicated that the iminium ion intermediate of the dienal with aP hs ubstituent was not configurationally stable, since as crambling of the double-bondg eometry of the a,b-olefin was observed. Therefore, they attributed the low enantioselectivity observed (46 % ee)i nt he cascade reactiont o the configurational labilityo ft he substrate. The tert-butyl substitutedd ienal substrate confirmed that the defined E,E double-bond geometry was stable under the reaction conditions, as no isomerization was observedi nt he presence of the catalyst. Therefore, the inherent steric bias of the tert-butyl substituted dienal provided as uitable control element for high d-site and stereoselectivity.
In addition to the cyclization reactions employing the widely used iminium-enamine and iminium-iminium sequences, iminium-activated [3+ +3] reactions are also common in organocatalytic cascade reactions. In 2012, Zhao and co-workersd eveloped an asymmetric organocatalyzed one-pot, four-step cascade reaction, and highly substituted spiro[indolenine-indolizidine]s ands piro[oxindole-indolizidine]s 34 weree stablished in good to excellent yields and enantioselectivities with moderate diastereoselectivities, and both aromatic and aliphatic a,b-unsaturated aldehydes worked well as substrates (Scheme 9). [24] The iminium-activated [3+ +3] reaction between maskedo xindoles 33 and a,b-unsaturated aldehydes produced six-membered aza-hemiacetals, whichw as followed by an acid-promoted intramolecular Mannich reaction via an iminium intermediate to afford the tetracyclic spiral compounds. This methodology is potentially useful in the synthesis of spirooxindole alkaloids and their analogs.
Enamine-activatedcascade reactions
Cascade reactions initiated by enamine catalysis in the initial step are defined as enamine-activated cascade reactions, althought he followings teps can use iminium,e namine, or other cyclization modes. Besides the iminium and enamine modes, catalytic modes including dienamine catalysis and trienaminecatalysis have also been developed.
As av ersatile strategy,e namine catalysis, which was first introduced by List in 2000, has developed rapidly, especially its extensive application in cascade reactions. Melchiorre [25a] and Chen [25b] et al. independently reported an efficient one-pot, three-component cascade reactiono fa liphatic aldehydes,3 -olefinic oxindoles 36,a nd a,b-unsaturated aldehydes to deliver spirooxindoles containing as ix-membered cyclic moiety 37 with excellent diastereo-and enantioselectivities (Scheme 10). Both protocols proceeded through af ormal [2+ +2+ +2] annulation strategy by as equential amine-based organocatalytic Michael/Michael-aldolc ascade. Chen and co-workers have also studied other electrophiles than a,b-unsaturated aldehydes, and as eries of carbocyclic and heterocyclic spirooxindoles were synthesized with good results.
In 2011, our group developed an efficient method for the synthesis of an ovel complext etracyclic ring system 40 containing both chroman and bicyclo[2.2.2]octane structuralu nits through af our-step sequential reactionf rom nitroolefinenoates 38 and a,b-unsaturated ketones 39 (Scheme 11). [26] Industriallyi mportant cyclohexanones 42 were obtained through aM ichael/Michael cascade catalyzed by ac inchona primary amine 41.T hen, the intramolecular nitro-Michaela ddition promoted by tetra-n-butylammonium fluoride( TBAF·3H 2 O) afforded intermediates 43,w hichu nderwentafurtheri ntramolecular aldol reaction to afford the final products 40 in satisfactory yields with excellent stereoselectivities. Remarkably,t his casScheme8.Asymmetric 1,6-addition to linear 2,4-dienals for the synthesis of tetrahydrofuran spirooxindoles.
Scheme9.Synthesis of highly functionalizedspirotetracyclic indoleninesa nd oxindoles.
Scheme10
. Aformal[2+ +2+ +2] annulation or the asymmetric synthesis of spirocyclic oxindoles.
cade reactionwas highly efficient as sixstereogenic centers, including two chiral quaternary stereocenters,were stereospecifically controlledi nt he construction of this tetracyclic ring.
The strategyo fd ienamine catalysis was first introduced by Jørgensen et al. in 2006. Since then, highly stereoselective gfunctionalizations of a,b-unsaturated aldehydes have been accomplished by chirals econdary amine catalysis, [27] which has attractedw ide attention from chemists. In 2010, Melchiorre et al. developedadienaminec atalysis process by chiral primary amine catalysis, which realized the alkylation of the g-position of a,b-unsaturated ketones. [28] So far,t he dienamine catalysis mode hasb een broadly applied in asymmetric cascade reactions.
In 2012, Chen's group described an asymmetric cascade reaction of chromone-fused dienes 44 with b,b-disubstituted a,b-unsaturated aldehydes 45 by dienamine catalysis, and tetrahydroxanthone derivatives 46 with up to three quaternary stereocenters were constructed in good yields with excellent stereoselectivities (Scheme 12). [29] By using chiral secondary amine catalyst 47,t he main chiral tetrahydroxanthone scaffold, which has been found in al arge number of natural products, was efficiently built througha na symmetric inverse-electrondemandD iels-Alder (IEDDA) reaction, followed by ad omino deprotonation/isomerization/vinylogous aldol sequence (Scheme 12 A). Interestingly,adifferent cascade reaction occurred when ac hromone-fused diene containing an acetyl group was applied (Scheme 12 B). At etracyclic hemiacetal product 48 was obtained as ad iastereomeric mixture when abulky chiralamine 49 was used. After simple transformations, dihydropyran 50 and piperidine derivative 51 were produced as singled iastereomers with high enantiocontrol. In addition, 3-styryl-substitutedc hromones could also be successfully used in the Diels-Alder cycloaddition with 3-methylcrotonaldehyde and the IEDDA products 52 a-52 d were isolated in moderate yields but still with high stereocontrol (Scheme 12 C). The domino cyclization did not occur owing to the decreased acidity of the vinylogous CÀH. Nevertheless, the similarc aged product 46 b could be synthesized in high yield by the intramolecular vinylogous aldol reaction by adding 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU). Furthermore, an intramolecular Stetterr eaction could also be smoothly carried out to obtain bicyclo[3.2.1]octane bridgeds ystem 53 with exclusive diastereocontrol.
Recently,J ørgensen et al. developed as imple and novel organocatalytic cascade approach to produce ad iverser ange of 14b-steroids from (di)enals and cyclic dienophiles in the presence of aT MS-protected prolinol catalyst( Scheme 13). [30] Av ariety of optically active steroids 56 with different substituents at the Ar ing were constructed by this new reaction in high yields with greater than 99 % ee.I nteresting variationso nt he B ring were also investigated. As even-memberedr ing as well as Scheme11. Synthesis of an ovel tetracyclic ring system by af our-steps equential reaction.
Scheme12. Dienamine-catalyzed inverse-electron-demand Diels-Alder reaction for the synthesis of tetrahydroxanthone derivatives. OFBA = o-fluorobenzoic acid.
an oxygen or sulfur atom in the 6-position could be incorporated with excellent stereoselectivities. Further variations of the Dr ing have also been explored through dienamine catalysis, and quinone-based dienophiles 57 were identified as suitable reaction partners, leading to d-homosteroids 58 with excellent results. To achievev ariations on the Cr ing, at rienamine catalysis strategy was utilized to facilitate the stereoselective incorporation of an alkyl substituent at the 12-position. It was found that the dienals 54 could react with dienophile 59 to afford the products 60 a,b in good to excellent yields with good diastereoselectivities and excellent enantioselectivities. Furthermore, analogs of Torgov's diene 61 could be rapidlyo btained from the formed products 56.F rom these compounds, 14a-steroids such as (+ +)-estrone andr elated steroids with variations on the Aand Br ings were accessible.
The same year,W ang and co-workerss uccessfully developed the first organocatalytic asymmetric synthesis of aspirooxindole skeleton with ac yclobutanem oiety through af ormal [2+ +2] cycloaddition reaction on the basis of hydrogen-bond-directing dienamine activation. [31] Structurally complex spirocyclobutyl oxindoles 62,w hichp ossess four contiguous stereocenters, including one spiro quaternary center, were obtained in good yields with excellent b,g-regioselectivities and stereocontrol from ethyleneindolinones 36 and a,b-unsaturateda ldehydes (Scheme 14). Aw ide range of methyleneindolinones were investigated and ar emarkables ubstituent effect was observed on the stereoselectivity.E lectron-donating groupso nt he aromatic ring of methyleneindolinones providedt he desired cycloadducts in good yields with excellent diastereoselectivities and enantioselectivities (73-77 %y ield, 12:1 to > 19:1 d.r., 97 % ee), whereas the corresponding electron-withdrawing counterparts, regardless of the substitution position, gave good yields but moderate diastereoselectivities and slightly decreased enantioselectivities (69-83 %y ield, 3:1-9:1 d.r., 81-92% ee). The steric hindrance of the ester group on methyleneindolinone influenced the diastereocontrol markedly.I nterestingly, the reactions could also proceed smoothly with excellent stereocontrol when the ester group was replaced by an acetyl or benzoyl group (70-76% yield, 6:1-10:1 d.r., 92-94 % ee). However,t he reactiond id not work well when g-alkyl-substituted enal was used. An ew activation mode of trienamine catalysis, which achieved perfect chirality relay over ad istance of up to eight bonds and the functionalization of the e-position of 2,4-dienals 64,w as developed by Jørgensen and Chen et al. (Scheme 15) . [32] The reactive trienamine intermediate, which
was generated in situ throught he combinationo ft he optically active secondary amine and2 ,4-hexadienals 64,w as as uitable diene for different electron deficient dienophiles. Spirocyclic oxindoles 66 were obtained with high yields (up to 99 %) and selectivities (up to 98 % ee)f rom 2,4-hexadienals 64 and 3-olefinic oxindoles 65 by the Diels-Alder reaction in the presence of chiral amine 47.I nas imilar fashion, olefinic cyanoacetates 67 also providedm ultifunctionalized cyclohexenes 68 with high yields (up to 97 %) and stereoselectivities (up to 89 % ee) by using as econdary amine catalyst 69 or 47.F urthermore, they also presented at rienamine-enamines equence activated multicomponent cascade reaction that gave good yields with excellent enantioselectivity.D etailedN MR spectroscopics tudies and calculations of the reactive trienamine intermediates were performed to rationalize the origin of the stereochemistry.N od oubt, these cascade reactions by trienamine catalysis provided an efficient approach fort he asymmetric synthesis of some complicated molecules.
In another context, Melchiorre and co-workersr eported the first asymmetricc atalytic Diels-Alder reaction of the in situ generated heterocyclic ortho-quinodimethanes (oQDMs) by trienaminecatalysis (Scheme 16). [33] The catalytic reaction was hypothesized to proceed through the condensation of enals 70 and chiral amine catalyst 3 to give the intermediate 72.T automerization with dearomatization of 72 eventually furnished trienaminei ntermediate 73 as the activated diene. It is worth noting that reactive diene speciesh ad never been appliedi n ac atalytic approach before. As eries of complicated polycyclic heteroaromatic compounds 71,w hichw ould be difficult to synthesize by other catalytic methods, were obtainedi nh igh yields (up to 98 %) with excellent selectivities (up to > 20:1 d.r. and > 99 % ee).
The first hydrogen-bond-directed trienamine-mediated [4+ +2] cycloaddition was developed by Jørgensen and co-workers. [34] Te trahydroxanthone derivatives 76 were smoothly produced from diversely substituted 2,4-dienals 74 and various 3-cyanochromones 75 under optimized conditions in the presence of as quaramide-containing aminocatalyst 77 with high yields (up to 98 %) ands electivities (up to 94 % ee;S cheme 17). Furthermore, they have demonstrated the derivatizations of the obtained cycloadducts, whichp rovidedp olycyclic products 78 a-78 d with high molecular and stereochemical complexity and which possess up to five stereogenic centers, in ac hemoand diastereoselective manner.F inally,t hey also provided ar ationalization for the observed unexpected stereochemistry of the transformation.
The new concept of cross-trienamine catalysis was introduced by the same group. [35] Highly enantioselective DielsAlder reactions proceeded through cross-trienamine intermediate 85 at the g' and d positions insteado ft he more stabilized linear trienamine intermediate. Based on the computational and experimentalr esults, the cross-trienamine catalyzedr eactions provedt ob ethermodynamically driven to give the more stable [4+ +2] products 87 rather than the kinetic control products 86.U tilizing this efficient strategy,f unctionalized bicyclo[2.2.2]octenes 81 with four stereocenters were obtained Scheme15. The application of trienamine catalysis in cascade reactions.
Scheme16. Asymmetric catalytic Diels-Alder reaction of in situ generated heterocyclic ortho-quinodimethanes. www.AsianJOC.org from cyclic 2,4-dienals 79 and 3-olefinic oxindoles 80 in good yields (up to 75 %) with high stereoselectivities (up to 99 % ee). When olefinic azlactones 82 wereu sed as dienophiles, functionalized bicyclic compounds 83 were produced with good results (up to 58 %y ield, 5:1d .r., and 99 % ee;S cheme18). They also investigated the g'-addition of cross-trienamines with vinyl bissulfones,w hich proceededi nahighly enantioselective manner.
SOMO catalytic cascade reactions
In 2007, MacMillan and co-workersd eveloped an ovel activation strategy of SOMO (singly occupied molecular orbital) catalysis ande fficiently realized the asymmetric allylation of aldehydes. [36] Later,i n2 010, they developedt he first catalytic enantioselective cyclization reactionf or accessing steroidal and terpenoidal frameworks 89 with this strategy (Scheme 19). [37] A reasonable mechanism has been proposed. They hypothesized that the functionalized aldehyde 88 a with tethered unsaturation would condense with imidazolidinone catalyst 13 to give a-imino radical intermediate 90 upon oxidation with aC u 2 + oxidant.A tt his stage, they expected that cyclohexadienyl radical 91 would be generated through as eries of 6-endo-trig radical cyclizationst erminated by as uitable arene from radical cation 90.As econd oxidation step would then furnish the corresponding cyclohexadienyl cation, which would deliver pentacycle 89 a upon rearomatizationa nd liberation of the catalyst. As eries of polycyclic cascade products were successfully synthesized in good yields (up to 77 %) with highs tereoselectivities (up to 93 % ee). It is important to note that all the products of this survey wereo btained as single diastereomers. It is also worth mentioning that the hexacyclization adduct 89 b could be constructed through this new SOMO-polyene cyclization concept as as ingle diastereomer in 62 %y ield (corresponding to an average yield of 92 %p er bond formed). In the course of this cascade bond construction, at otal of eleven contiguous stereocenters, of which fivea re all-carbon quaternary centers, were formed from as imple acyclic starting material under the influence of imidazolidinone 13 b.
Scheme17. Hydrogen-bond-directed trienamine-mediated [4+ +2] cycloaddition for the synthesis of tetrahydroxanthoned erivatives. DEA = N,N-diethylacetamide.
Scheme18. Cross-trienamines in asymmetric organocatalytic Diels-Alder reactions. 
Asymmetric Hydrogen-Bonding Catalytic Cascade Reactions
Hydrogenb onding, one of the most dominantf orces for molecular interaction and recognition in biological systems, plays ac entral role in biocatalysis. In recent years, with the rapid development of organocatalysis, the hydrogen-bonding activation of electrophilesb yo rganocatalysts has attracted great attention from chemists, and the development of aw ide range of applications of hydrogen-bonding activation makesi tasignificant activation mode for organocatalysis. The most commonh ydrogen-bonding catalysts include chiral ureas, chiral thioureas, chiral squaramides, chiral phosphoric acids, catalysts with aromatic hydroxyl groups,and so on.
Chiralurea and thiourea catalyzed cascade reactions
In 1998, the Jacobsen group disclosed ah ighly enantioselective Strecker reaction of N-allyl aldimines promoted by ac hiral a-amino acid-derived catalyst. [38] This transformationd emonstratedt hat chiral thioureas could efficiently control the reaction stereoselectivity and openedt he door to unprecedented asymmetricc atalysis. Since then,s everale nantioselective nucleophilic additions catalyzed by chiral urea/thiourea derivatives have been reported by the same group. [39] Although chiral urea/thiourea derivatives can smoothly catalyze variousa symmetric approaches, their applicationt oe nantioselective reactions wasl imited in the early stages of organocatalysis owing to their weaker acidities than metallicL ewis acids.
To enhance the catalytic activities of thiourea catalysts, Takemoto and co-workers designedc hiral bifunctional thioureas bearing at ertiarya mino group and applied them to highly enantioselective Michael additions of dimethylmalonate to nitroalkenes. [40] They demonstrated that thioureas could catalyze the reactiont hrough ab ifunctional mechanism, in which the thiourea moiety activated the nitroalkene electrophile by hydrogen bonding while the basic amine deprotonated the pronucleophile. The controle xperiments showedt hat in the absence of thiourea or tertiary amino group, the reactiong ave poor resultsunder the same conditions.
With the development of this highly active bifunctional thiourea catalyst, asymmetric approaches catalyzed by chiral thioureas attracted even broader attention.V arious types of chiral thioureasw ere synthetized and appliedt oc ascade reactions, which realized the synthesis of many chiral compounds with high stereoselectivities. These reported catalysts were mainly derived from some natural chiral moleculess uch as cinchona alkaloids, chiral amino acids, chiral diamines, and so on.
The bicyclo[3.2.1]octanes keleton is an ubiquitous skeleton present in an umber of biologically active natural products and pharmaceuticals. Zhong and co-workers reportedahighly enantio-and diastereoselective cascade Michael/Henry reaction for the synthesis of medicinally important bicyclo[3.2.1]octane derivatives 93 with four stereogenic centers,i ncludingt wo quaternary stereocenters, under ac inchona-based bifunctional thiourea catalyst 94 (Scheme 20). [41] To rationalize the origin of the excellent stereoselectivities, they proposed an ovel dual activation mode from calculations of the transition states, in Scheme19. Enantioselectivecyclization for accessing steroidal and terpenoidal frameworks by organo-SOMO catalysis. which the thiourea group and an acidic proton of the phenyl ring activated the 1,3-dicarbonyl substrates and the tertiary amine activatedt he nitrog roup at the same time. Av ariety of nitroolefin Michael acceptors, which possess neutral, electrondonating, and electron-withdrawing groups on the phenyl ring, have been investigated in this process. It appeared that the electronic and stericn ature of the substituents had only minimal impact on efficiencies, enantioselectivities, and diastereoselectivities of the Michael/Henry reactions.
Alexakis's group disclosed another process for the direct preparation of bicyclo[3.2.1]octane derivatives 97 through an enantio-and diastereoselective organocatalytic domino Michael/aldol reaction( Scheme 21). [42] The reaction tolerated al arge variety of substituents on the b,g-unsaturated 1,2-ketoesters 96 and cyclic 1,3-ketoesters 95. b,g-Unsaturated 1,2-ketoesters with para and meta positioned substituents provided polysubstituted bicyclo[3.2.1]octanes in high yields (up to 97 %) with moderated iastereoselectivities (up to 5:1d .r.) and good enantioselectivities (up to 88:12 e.r.). Interestingly,w ith the substituents in the ortho position, the corresponding bicyclic structures were obtained in lower yields but with higher enantioselectivities (up to 95:5 e.r.). Mechanistic investigations were performed to understand this catalytic system.P roduct 99,w hich was the intermediate formed by the 1,4-addition, was isolated after 1day at 0 8Cw ith excellent diastereoselectivity (> 20:1 d.r.) and good enantioselectivity (90:10 e.r.). As the nucleophilic carbon of the intramolecular aldol reactionw as on the same rigid five-membered cycle as the stereogenic center previously formed after 1,4-addition, its stereochemistry was affected by and depended on that of the newly formed stereogenic center.O nly the configurationo ft he alkoxy ester was determined according to the attack face of the dicarbonyl group. Therefore, they concludedt hat the second step determined the diastereoselectivity of the domino process, with the first step being totally diastereoselective. Spirooxindole skeletons can be found in al arge number of naturalp roducts and bioactive molecules,h owever,s ome asymmetrics ynthetic challenges still exist for the construction of the quaternary carbon stereocenter.T herefore, it is ar esearch hotspot to synthesize this type of compound by asymmetrico rganocatalytic cascade reactions. Gong and co-workers reported an efficient formal [4+ +2] cycloadditionr eaction between methyleneindolinones 101 and Nazarov reagents 100 catalyzed by ab ifunctional chiral urea 103,p roviding as eries of diverse biologically active spiro[cyclohexane-1,3'-indoline]-2',4-dione derivatives 102 with excellent stereoselectivities (Scheme 22). [43] This transformationi nvolved as equential Michael-Michael process in which two substrates were activated synergistically by the bifunctional chiral catalyst through hydrogen-bonding interactions. The derivatization of the obtained products has also been investigateda nd the medicinally important spiro[cyclohexane-1,3'-indoline]-2',4-dione derivative was obtained in three steps and with good results (71 %y ield, 95 % ee).
Barbas and co-workersh ave developed av ery rapid and efficient organocatalytic Diels-Alder reaction with as imple bisthiourea 106 from 3-vinylindoles 104 and methyleneindolinones 80.
[44] Underv ery mild reactionc onditions, carbazolespirooxindole derivatives 105 were constructed in almost quantitativey ields with excellent stereoselectivities (> 99:1 d.r., up to 99 % ee;S cheme 23). There was no change in reactivity or stereoselectivity when the reaction was carried out on ag ram scale. In addition, the catalysta nd solvent could be readily recycled by simple operations. Based on those two features, this method should be suitablef or large-scale chemical production. Mechanistic studies have also been performed. In 1 Ha nd 13 C NMR experiments,n oe vidence for an interaction between the catalysta nd 3-vinylindole was found, whereas as trong interaction betweent he catalysta nd methyleneindolinone was observed in NMR experiments. The poor stereocontrolo btained with 1-methyl-3-vinylindole indicated that the NÀHg roup of the vinylindole is essential, which suggested that the stereoselectivity should be relatedt oa dditional interactions between the oxindole and vinylindole reagents. Furthermore, the effects of the N-methyleneoxindole protecting group on the ee were striking. Ab ulky electron-acceptor group at the 3-position was necessary,a so nly Boc-protected 3-methyleneoxindole derivatives provideds tereocontrolled products.I nt he absence of the catalyst, the reaction wass ignificantly slower and required several hours to complete. On the basis of thesed ata, the authors hypothesized that vinylindole might be directed or orientedb y the interactions between the NÀHg roup of the diene and the Boc group of the dienophile through p-p and weak hydrogenbondingi nteractions prior to CÀCb ond formation. This would provide aw ell-organized environmentf or asymmetric induction as well as ap ocket to enable this reactiont op roceed smoothly.
With the same bisthioureac atalyst 106,Z hu and Cheng et al. disclosed a[ 3 + +2] annulation of methyleneindolinones 107 with nitrones 108 to construct enantioenriched spiro[isoxazolidine-3,3'-oxindole] derivatives 109 in good yields with excellent enantio-and diastereoselectivities (Scheme 24). [45] Interestingly, only Boc-protected 3-methyleneoxindole derivatives 107 could provide the product stereoselectively,w hereas the correspondingb enzyl-or methyl-protected products were not detected. Mechanistic studies were performed based on MS and NMR spectroscopy analysis. When catalyst 106 was mixed with methyleneindolinone 107 a (R 1 = H, R 2 = Et) and 1,3-dipolar nitrone 108 a (R 3 = Ph), an ew species characterized by ab ase peak at m/z = 1171.08 was detected and assigned to be 106 + 107 a + 108 a.I nt he NMR experiments, the spectra gave strong evidence for interactions between the catalystand both substrates. They proposed that this highly convenient and practical approach was realized through synergistic multiple hydrogen-bonding interactions between the bisthiourea catalyst 106 and the two substrates (110). Agram-scale experiment was also carried out and gave the desired product with good results (75 %y ield, 98:2 d.r., 95 % ee).
In 2011, Lu and co-workersd eveloped at hreonine-derived thiourea-phosphine 114 catalyzed stereoselective [3+ +2] cycloaddition process between Morita-Baylis-Hillman (MBH) carbonates 112 and isatin-derived tetrasubstituted alkenes 111, which produced as eries of biologically important 3-spirocyclopentene-2-oxindoles 113 with two contiguous quaternary centers (Scheme 25). [46] It is worth noting that this was the first example of MBH carbonates as C 3 synthons in asymmetric [3+ +2] annulation reactions. Excellent yields (up to 96 %) and selectivities (up to 25:1 g/a,u pt o9 9% ee)w erea ttainable for all the examples examined. Notably,t he presence of ortho-substituted aryls in 112 resulted in reduced regioselectivity and enantioselectivity (4:1 g/a,8 7% ee). In addition, the MBH carbonate bearing an alkyl group has also been tested, although only am odest ee value (65 %) was observed. Ad ual activation mode was proposed, with nucleophilic phosphine attack on the MBH carbonate to yield the phosphonium salt andt he isatin-derived electrophile being activated by the thiourea through hydrogen bondinga tt he same time. The observed g selectivity might be attributed to the sterich indrance induced by the N-PMB group of 111 in the key cycloaddition step, but potentiala romatici nteractions could not be excluded at this stage. The control experiment disclosed the crucial role of the hydrogen-bonding interactions between the thiourea moiety of the catalyst and the isatins in asymmetrici nduction. Compared with the normal catalyst, the methylated phosphine thiourea would give the [3+ +2] annulation product with poor selectivity (116a vs 116b).
In 2014, Shi andc o-workersd eveloped another axially chiral binaphthyl scaffold derived bifunctional thiourea-phosphine 120 catalyzed asymmetric cascade reaction. [47] The [4+ +1] annulation of activated a,b-unsaturated ketones 117 with MBH carbonates 118 was successfully realized.Aseries of spirooxindoles 119 with two adjacent quaternary stereocenters were obtained in good yields with high enantioselectivitiesa nd moderate diastereoselectivities (Scheme 26). Interestingly, when N-unprotected a,b-unsaturated ketones were used, the corresponding [4+ +1] annulation products were obtained with lower yields (up to 65 %y ield) but with excellent enantioselectivities (90-96 % ee)a nd moderate d.r.v alues (up to 3:1d .r.). Moreover,w hen am ethyl group was introduced into the aromatic ring of the MBH carbonate, the reactivity decreased remarkably with no desired productf ormed.
Bugauta nd Constantieux described an one-pot multicomponent organocatalytic cascade reaction with b-ketoamides 122, aminophenols 121,a nd acrolein,w hich afforded chiral functionalized 2,6-diazabicyclo-[2.2.2]octanones (2,6-DABCO) 123 in high yields with good stereoselectivities (Scheme 27). [48] This transformationi nvolved aM ichael addition/double iminium trappings equence ande stablished five new bonds and three stereocenters under the Ta kemoto catalyst 98.V arious b-ketoamides and aminophenols were studied by using this approach and ad iverse range of complex 2,6-DABCO scaffolds wereo btained. As trongly electron-withdrawing group on the nitrogen atom of the amide in 122 was necessary to allow the formation of the 2,6-DABCO unit. This transformation is one of the examples that employedt he Michael additiono fa1,3-dicarbonyl as the enantiodetermining step in multicomponent sequences.
Barbas and co-workersh ave developed an ovel organocatalytic cascade Michael-aldol approach between 3-substituted oxindoles 124 and methyleneindolinones 125 for the highly efficient construction of bispirocyclic oxindole derivatives 126 under mild conditions (Scheme 28). [49] An ewly designed multifunctional cinchona alkaloid 127,w hich contains tertiary and primary amines and at hiourea moiety to activate substrates simultaneously,w as used in this transformation, and four chiral centers including three quaternary carbon chiral centers were established with excellent stereocontrol (up to 99:1 d.r., up to 98:2 e.r.). Notably,i tw as observed that the electronic nature, bulkiness,a nd the positions of the substituents only had minimal impact on the reactione fficiencies, enantioselectivities, and diastereoselectivities. Interestingly,t he opposite enantiomer was also obtained by changing the organocatalyst. This new methodology provided an efficient synthesis method for ar ange of complicated bispirocyclooxindole derivativest hat are useful in medicinal chemistry. The trigolute alkaloids, whichp ossess an intriguing spirooxindole d-lactone skeleton, were recently isolated from genus Trigonostemon.I n2 014, our group developed an ovel formal [5+ +1] cyclization for the construction of the core structure of these alkaloids. [50] In the presence of asuitable bifunctional catalyst 131,t he spirooxindole d-lactones 130 with three contiguous stereocenters, including an all-carbon quaternary center, were obtained in generally good yields with excellent stereoselectivities through aM ichael-Michael cascade from oxindoles 129 and ester-linked bisenones 128 (Scheme 29). The position and electronic nature of the substituents on the aromatic rings of the dienone substrates had only aslight influence on the results, probably because of the long distance between the aromatic rings and the reactions ites. However,i ts hould be pointed out that N-substituents of the oxindoles had ar emarkable effect on the reactivity and selectivity of this transformation.
Later,w ed eveloped another efficient Michael-Michael cascade reactionfor the construction of piperidino[1,2-a]-indolines 133,t he core skeleton of which can be frequently found in aw ide range of bioactive natural products,b etween indolin-3-one derivatives 132 and nitroolefins( Scheme 30). [51] Contrary to the significant advances in the development of 2-oxindole chemistry,i ndolin-3-one derivatives have received very little attention from synthetic chemists, and the application of this type of substrate in cascade reactions is still an underdeveloped research field. From the cascader eaction, the desired products containing four contiguous stereocenters, including one tetrasubstitutedc arbon center, were readily obtained with good yields and excellent enantioselectivities by using abifunctional catalyst 134.I nterestingly,t he diastereoselectivities were significantly improved when ortho-substituted nitroolefins were employed, probably as ar esult of the steric effect. Moreover,a na liphatic substituted nitroalkenew as tested;t he reaction successfully gave the desired product, albeit with lower selectivities (4.2:1.8 d.r., 88 %a nd 59 % ee).
In the same year,o ur group developed another efficient strategy for the synthesis of biologically important chromeno[4,3-b]pyrrolidine derivatives 136 catalyzed by ac inchonabased bifunctionalt hiourea 137 (Scheme 31). [52] Through proposed synergistic activation of both of the rationally designed o-hydroxya romatic aldimines 135 and alkylideneazlactones 82 by bifunctional thiourea, a[ 3 + +2] cycloaddition reactiono ccurred smoothly to generate intermediates 138.Anintramolecular transesterification reaction then afforded the ring-fused products 136.W ith low catalyst loading (1 mol %) and short reaction time, three new bonds and three contiguous stereogenic centers, including one quaternary stereocenter,w ere established in excellent yields (up to 99 %yield) with nearly absolute stereocontrol (> 20:1 d.r., up to > 99 % ee)u nder mild conditions. Ag ram-scale synthesis was also performed with excellent results( 97 %y ield, > 20:1 d.r., > 99 % ee), which demonstrated the potentialapplication of this methodology.
The enantioselective construction of as pirocyclic quaternary stereogenic carbon centera tt he C2 position of indoles has long been an elusivep roblem in organic synthesis. Recently, we developedar easonableh ydrogen-bondingn etwork promoted [3+ +2] cycloaddition for the direct asymmetrics ynthesis of 2,2'-pyrrolidinyl-spirooxindoles 140 from o-hydroxy aromatic . [53] Three stereocenters, including one spiro quaternary chiral centera tt he C2 positiono ft he indole, were constructed with excellent stereoselectivities under the bifunctionalc atalyst 141.I ti sw orth noting that the reaction of the azomethine ylide substrate withoutaphenol group did not occur,e ven with long reaction times, whichi ndicated that the phenol group was critical to the success of this transformation.W ep roposed that ah ydrogen-bonding network might be assembled when ap henol group is introduced in the substrate, whichw ould significantly activatet he whole catalytic system.
Chiralsquaramidec atalyzed cascade reactions
Compared with chiral urea/thiourea catalysts, chiral squaramides as catalysts in asymmetric synthesis were developed lately and the first example was reported by Xie et al. in 2005 . [54] They investigateda na symmetricr eduction of prochiral ketones with borane dimethyl sulfide by using ac atalytic amount of chiral squaric amino alcohol. Although the squaric derivativew as used as al igand insteado fabifunctionalc atalyst, this work represented the first example of the use of this structurei na symmetrics ynthesis. In 2008, Rawal and co-workers first reportedacinchona-basedb ifunctional squaramide catalyzed addition of dicarbonyl compounds to nitroalkenes. [55] The Michael addition products were obtained with high yields and enantioselectivities with very lowc atalystl oading. From then on, more bifunctionals quaramidesh ave been developed and appliedt olots of asymmetrictransformations.
Wang and co-workersd eveloped ar apid and highly efficient asymmetriccascadeMichael/alkylation reaction between methyleneindolinones 142 and 3-substitutedo xindoles 143 catalyzed by ac hiral squaramide 145 in the presence of ab ase. [56] Ar ange of biologically important bispirocyclico xindole derivatives 144 were obtainedb yt his powerful approach in high yields and enantioselectivities albeit with moderate diastereoselectivities (Scheme 33). Twon ew CÀCb onds and three contiguous stereocenters, including two spiro quaternary centers, were established efficiently in one single operation. It is worth noting that the electronic nature,b ulkiness, and positions of the substituents on methyleneindolinone 142 had very little effect on the reactione fficiencies, enantioselectivities, and diastereoselectivities. They also investigated the possible mechanism of this transformation with MS and NMR experiments by mixing catalyst 145 with methyleneindolinone 142 a (R 1 = H) and 3-substituted oxindole 143 a (R 2 = Bn). The MS experiment detected an ew species, which was characterized by ab ase peak at m/z = 767.2833a nd assigned as 145 + 142 a.T his observation demonstrated that there was as trong interaction between methyleneindolinone 142 and the catalyst. Furthermore, strong interactions between the catalyst 145 and the 3-substituted oxindole 143 a wereo bserved in the 1 Ha nd 13 CNMR spectra,a nd an ew structure (the enol form of 143 a)w as formed. The same phenomenon was observedw hen mixing 143 a with Et 3 N, which indicated that the tertiarya mine of the catalystw ould activate the substrate 143 by its enolization. These findings suggested that the two substrates of this reaction were activated simultaneously by the same catalyst.
Further studies by the same authors have revealed that the bispirocyclic oxindole derivatives 147 could also be successfully constructed through an efficient asymmetrico rganocatalytic Michael-Michael cascade process by using ab ifunctionalc hiral squaramide catalyst 148. [57] Four contiguous chiral centers, including two quaternary carbon chiral centers, weree stablished with good diastereoselectivities ande xcellent enantioselectivities (Scheme 34). Various methyleneindolinones 142 with different substitution patterns, in terms of electronic properties, steric hindrances, ands ubstitution positions, could participate in the cascade reaction to afford the products in moderate to good yields (59-76 %) with good to excellent selectivities (4:1-15:1 d.r.a nd 88 to > 99 % ee). In general,e lectron-deficient groups substituted on 142 afforded the desired productsw ith slightly lower diastereo-and enantioselectivities.M oreover,3 -substituted oxindoles were also investigated and gave the desired bispirooxindoles in good yields (69-76 %) and diastereoselectivities (10:1-15:1) with excellent enantioselectivities (98 to > 99 %). The spiro[pyrrolidin-3,2'-oxindole] scaffold is ap rivileged structural motif that can be found in aw ide range of natural products and pharmaceuticals.A lthough biomimetic 1,3-proton shift reactions have been widely used in the synthesis of various chiral amines, their application in cascader eactions was rare. In 2013, our group successfully established an efficient enantioselective route to the synthesis of biologically important spiro[pyrrolidin-3,2'-oxindoles] 150 involving at hreecomponent reactiono fi satins 149,a mines, andn itroalkenes catalyzed by chiral bifunctional squaramide 148 (Scheme 35). [58] Ap lausible catalytic mechanism has been proposed.I nitially,abase-catalyzed 1,3-proton shift occurred from the in situ generated ketimine 151 to form aldimine 152.A [3+ +2] cycloaddition reactiono ccurred subsequently through synergistic activation of aldimine 152 and nitroalkene by bifunctional catalyst 148 to deliver the desired product. Interestingly,v ariation of the N-protecting group of the isatin had as ignificant effect on the enantioselectivity and benzyl-protected isatin was provent ob ea no ptimal selection. Three CÀC bonds and four contiguous stereogenic centers were established in as ingle operation with reasonable yields and good stereoselectivities. It is noteworthy that the aliphatic nitroalkene wasa lso investigated and gave the desired product albeit with lower yield.
Our group reported another chiral bifunctional squaramide 148 promoted asymmetric sulfa-Michael/aldol cascade reaction between b-aryl-b-trifluoromethylated enones 154 and 1,4-dithiane-2,5-diol 153 for the synthesis of tetrahydrothiophene derivatives 155 with at rifluoromethylated quaternary stereocenteri ng enerally good yields with high enantioselectivities (Scheme 36). [59] The challenge of this transformation was the construction of the chiral trifluoromethylated quaternary carbon in the first step of the sulfa-Michael addition. Ad iverse range of b-aryl-b-trifluoromethylated enones were investigated, it was found that the nature and the position of the substituents on the aromatic ring had no significant influenceo n the enantioselectivity.H owever, b-alkyl-b-trifluoromethylated enone gave the desired product with low yield (37 %y ield) and moderate enantioselectivity (66 % ee). The aliphatic enone showedv ery low reactivity and couldo nly provide at race amount of product. In 2013, Enders and co-workersd evelopeda ne fficient asymmetric organocatalytic Michael/Henry cascader eaction for the synthesis of polyfunctionalized indanes 158 with four contiguous stereogenic centers under ac inchona-based bifunctional squaramide 159 with 0.5 mol %c atalystl oading (Scheme 37). [60] This transformation was activated through the hydrogen bonding of the squaramide and createdamaximum of two stereogenic centers per bond formationi ng enerally very short reaction times. One limitation of this methodology was that R 2 should be ap henylo rap henyld erivative. When am ethyl substituent or ah ydrogen substituent was tested, both the yields ande nantioselectivities decreased (R 2 = Me, 39 %y ield, 39 % ee;R 2 = H, 44 %y ield, 73 % ee). When at hiophene substituent was used as R www.AsianJOC.org served and the cascade product could not be isolated. They explained that the presence of ap henyl group on R 2 could stabilize the carbanion formed at C3 of the oxindole. Ag ramscale synthesis was investigated, which proceeded much faster to afford the cascade product with excellent yield (91 %) and very good selectivity (17:1 d.r. ,89% ee).
The same group disclosed anotherh ighly stereoselective one-pot procedure facilitated by al ow loading of ac inchonaderived bifunctional squaramide 159 andareadily available achiral base. [61] An ew series of potentially biologically important spirocyclohexanepyrazolone derivatives 162 bearings ix stereocenters, including two vicinal tetrasubstituted carbons, were obtained by sequential organocatalytic Michael/Michael/ 1,2-addition reactions (Scheme38). Various pyrazolone-derived olefins 161 and different nitroalkenes bearing electron-withdrawing as well as electron-donating substituents at the different aromatic positions reacted efficiently to afford the desired spiropyrazolones in good yields (52-62% yield) and excellent enantio-and diastereoselectivities (> 25:1 d.r., 98-99 % ee). Furthermore, they tried to create three consecutive tetrasubstituted carbonsb ye mploying at risubstituted b-ketoester,w hich providedt he corresponding spiropyrazoloneb earing three contiguous tertiarya nd three tetrasubstituted stereogenic centers in excellent stereoselectivity (> 25:1 d.r.a nd 95 % ee), albeit with al ow yield of 16 %. This one-pot cascade sequence could be scaled up without losing the reaction efficiency in terms of product yield and stereoselectivity.I na ddition, the opposite enantiomer of the spiropyrazolones could also be synthesized in good yield (50-61 %y ield) and excellent stereoselectivity (97-99 % ee)b ye mploying ap seudoenantiomeric catalyst 163.
Connona nd co-workers reported the first catalytic asymmetric Ta mura cycloadditionr eaction between alkylidene oxindoles 164 and av ariety of stable, enolizable anhydrides 165 to afford one-step, base-free access to more densely functionalized 3,3-spirooxindoles 166 (Scheme 39). [62] Twon ew CÀC bonds andt hree new contiguous stereocenters, including one quaternary center, weref ormed with excellent stereocontrol with the promotion of an ovel, tert-butyl-substituted squaramide-based catalyst 167.I ti sw orth noting that the scope of the methodology was not confined to homophthalic anhydride derivatives. Glutaconic anhydride derivatives such as phenyl glutaconic anhydride (R 1 = H, R 2 = Ph) and its methyl variant (R 1 = H, R 2 = Me) underwent smooth cycloadditiont oa fford the highly substituted cyclohexenones in excellent yields (94 %, 95 %) andw ith perfect opticalp urity (99 % ee, > 98 % ee). Besides the ester-substituted alkylidene oxindoles, Michael acceptors with ap henyl ring are well toleratedb yt he catalyst (65-98 %y ield, 89 to > 99 % ee). Interestingly,a nu nusually high temperature dependence of diastereocontrol was observed and the epimeric diastereomer 166 a could be isolated in high yield (74 %) with excellent enantioselectivity (98 %) at al ower temperature.
Scheme37. Synthesis of polyfunctionalized indanes with asub-mol % amountofb ifunctional squaramide.
Scheme38. Construction of spirocyclohexanepyrazolone derivatives by Michael/Michael/1,2-addition reactions.
Scheme39. Synthesis of 3,3-spirooxindoles by an asymmetric Ta murac ycloaddition reaction.MTBE = methyl tert-butyl ether.
Other asymmetric hydrogen-bonding catalytic cascade reactions
In addition to chiral ureas/thioureas and squaramides, other hydrogen-bonding catalysts have also been broadly applied in ar ange of asymmetric cascade reactions, such as cinchonaa lkaloid derivatives with aromatic hydroxyl, chiral phosphoric acids, and their derivatives.
In 1999, Hatakeyama and co-workers reported the first application of 6'-OH cinchonaa lkaloid in organocatalytic asymmetric transformation. [63] According to their research findings,t he asymmetricM BH reaction between hexatrifluoroisopropyl acrylate and various aromatic and aliphatic aldehydes could be catalyzed with their b-isocupreidine (b-ICPD) catalystw ith high enantioselectivity,w hich wast he first example of the highly enantioselectiveM BH reaction. Since then, as eries of 6'-OH cinchonaa lkaloids such as cupreines, cupreidines, b-isocupreidine, and their derivatives have been developed and widely used.
Yuan and co-workersd eveloped an efficient cascade approach for the first enantioselective synthesis of spiro[4 Hpyran-3,3'-oxindole] derivatives 169 catalyzed by ac upreine 170 from simple and readily availables ubstrates (Scheme 40). [64] This catalytic system was appliedf or the twocomponent reaction, which synthesized optically active heterocyclic spirooxindoles in very high yields and enantioselectivities. Furthermore, they have successfully developed the onepot, three-component organocatalytic asymmetric reactioni nvolvingac ascadeK noevenagel/Michael/cyclization sequence for efficient construction of spiro[4 H-pyran-3,3'-oxindole] derivatives. Ad ual activation mode for both substrates by the bifunctional organocatalyst was suggested. This type of heterocyclic spirooxindoles will also provide potential compounds for chemicalbiology and drug discovery. Barbas and co-workers reported as imple and highly efficient organocatalytic asymmetricM ichael/Henry cascade reaction between simplea nd readily available 3-substituted oxindoles 25 and nitrostyrenes, providing av ariety of bioactive highly substituted spirocyclopentaneoxindoles 171 in high yields with excellent enantioselectivities (Scheme 41). [65] TwoC ÀCb onds and four consecutive stereogenic centers, including an allcarbon spiro quaternary center,w eree stablished in as ingle step through the promotion of an ew bifunctional 6'-OH cinchona alkaloid-derived catalyst 172.I ng eneral, ar ange of substitutedn itrostyrenesa nd oxindole derivatives were successfully tested and provided reactionp roducts in high chemical and opticaly ields (85-97 %y ield, 6:1-18:1 d.r., 90-98% ee). Enantiomeric excesses with electron-donating substituted nitrostyrenes were slightly lower (91-92%)a nd strongly electron-withdrawings ubstituents such as nitro groups provided the product in excellent enantioselectivity (98 % ee).
Peng and co-workers first reported the catalytic asymmetric 1,3-dipolar cycloaddition of the Seyferth-Gilbert reagent (SGR) 174 with isatylidene malononitriles 173 using cinchona alkaloid derivative 176 as the catalyst. [66] As eries of corresponding chiral spiro-phosphonylpyrazoline-oxindoles 175 were smoothly synthesized in good yields with excellent enantioselectivities (Scheme 42). The electronic properties of the substituents on the aryl ring of the isatylidene malononitriles had no discernible impact on the enantioselectivity of the reaction, although substrates bearing electron-donating groups generally afforded the corresponding products in lower yields. The positiono f the substituent had as light impact on the enantioselectivity of the reaction. They have also conducted at hree-component reaction between isatin, malononitrile, and the SGR, which was efficiently catalyzedb yt he same cinchonaa lkaloid derivative through ad omino Knoevenagel condensation/1,3-dipolarc ycloaddition sequence. They proposed that the hydroxyl group of cinchona alkaloid catalystc ould act as aBrønsted acid to activate the isatylidene malononitrile through hydrogen bonding and the amine moiety could activate the SGR as ab ase to attack the C3 position of the isatylidene malononitrile from its Si face (177). The intramolecular hydrogen transfer would then take place to form the final chiralspiro-pyrazoline-oxindole. Chiral phosphorica cid catalysts, which possess strong acidic functionalities weref irst developed by Akiyama [67] and coworkers andT erada [68] and co-workers independently in 2004, and highly enantioselective Mannich reactions of nucleophiles with iminesw ere successfully achieved by using 1,1'-bi-2-naphthol (BINOL)-derived monophosphoric acids as chiral Brønsted acid catalysts. So far,v arious chiral phosphoric acids and their derivatives have been developeda nd applied to many asymmetric organic transformations. Owing to their relatively strong yet appropriate acidities, chiralp hosphoric acid catalysts can easily activate the electrophiles through hydrogen-bonding interactions. Moreover, the nucleophiles can be activated by the Brønsted basic site of phosphoryl oxygen,t herefore they are also bifunctional catalysts. Axially chiral biarylsw ith C 2 symmetry are mainly employed as chiral sources for the asymmetry introduction, the C 2 symmetry is crucial because the same catalyst molecule can be generated when the acidic protonm igratest ot he phosphoryl oxygen. Av ariety of substituents can be introducedt ot he 3,3'-positions of the biaryl backbones to provideachiral environment for enantioselective transformations.
Antillaa nd co-workers developed an ovel methodf or the synthesis of pyrroloindolines, whose structuralm otif can be found in an array of natural products,w ith high enantioselectivities catalyzedb yachiralp hosphoric acid 181.
[69] Thet ransformation was accomplished through the cascade of Michael addition and amination of tryptamine 178,p roviding two important kinds of pyrroloindolines 179 and 180 with either carbon-carbon or carbon-nitrogen linkage (Scheme 43). They proposed two important transition states based on the following experimental results: 1) when 10-carbomethoxy-1-methyltryptamine was used in the reactionw ith methyl vinyl ketone (MVK), the product was given with 36 % ee (93 % ee for 10-carbomethoxytryptamine), which indicated ah ydrogen bond between the catalyst and the NÀHo ft he indole ring. 2) NMR studies were carriedo ut to understand the mechanism. When an equal amount of 10-carbomethoxytryptamine (178 a)w as added to 181 in [D 6 ]benzene, the chiral protono n181 shifted upfieldf rom 6.9 ppm to 6.5 ppm and the 13 CNMR spectrum of 178 a showedt wo peaks for C9,C 11,a nd C12, which proposed ah ydrogen bond between the chiral proton on 181 and the carbonylg roup on 178 a.M oreover, 1 HNMR studies of am ixture of MVK and 178 a showedt he downfield shifto fN 1 ÀH and N10ÀH, which indicated ah ydrogen bond between MVK and 178 a.A lso, NMR studies showedn os hiftf or the mixture of MVK and 181.F or the amination reaction, the same experiment was studied and similarc hanges were observed. 3) The reactiono ft ryptophol with MVK provided the product with 12 % ee,w hich might be due to the lack of ah ydrogen bond between the catalysta nd the carbomethoxy group. The asymScheme43. Construction of pyrroloindolines and the total synthesis of (À)-debromoflustramine Bc atalyzed by ac hiral phosphoric acid.
Scheme42. Formation of spiro-phosphonylpyrazoline-oxindoles by the 1,3-dipolarcycloaddition between the SGR and isatylidenemalononitriles. CPME = cyclopentyl methylether. www.AsianJOC.org metric total synthesis of (À)-debromoflustramine B 182 was achieved through ac onciset hree-step transformation from the obtained product.
The benzofuroindoline core is au nique motif found in some important natural alkaloids. In 2014, Zhang et al. reported ah ighly enantioselective [3+ +2] coupling of 3-substituted indoles 183 with quinone monoimines 184 promoted by ac hiral phosphoric acid 181 (Scheme 44). [70] Av ariety of benzofuroindolines 185 were synthesized through this transformation. Various electron-donating and electron-withdrawing groups on the benzene part of the indoles weret ested and afforded the correspondingb enzofuroindolines in moderatet og ood yields with high ee values, except for 3-phenyl indole, which exhibited lower enantioselection (80 % ee). Ab etter ee value (86 % ee) was achieved by employing 10 mol %o ft he catalyst. Lower yields wereo btained even after ap rolonged reactiont ime when indoles with bulkier substituents wereu sed. It is worth noting that the reactiond id not occur when the ortho-methyl substituted quinone monoamine was employed, which might be caused by the decreasede lectrophilicity of this quinone monoamine. According to the absolute configuration of the product 185 a,t he authors proposed ap lausible reaction mechanism:u nder the bifunctional activation mode of the phosphoric acid catalyst (186), 3-methylindole attacked the quinone monoimine to give the intermediate 187,w hich underwenta romatization immediately to give the phenol intermediate 188.F inally,s pontaneous cyclization generated (2R,3S)-185 a. Generally,m osta symmetricN azarovc yclizations are achieved by the use of "activated" substrates (that is, substituted by an a-carboxy or a-ether group, or both) to improve the reactivity and enantioselectivity,w hich limits the substrate scope. Tu and co-workersd eveloped an ovel organocatalytic asymmetrict andem Nazarov cyclization/semipinacolr earrangement process with "unactivated" substrates 189 to yield as eries of chiral spiro[4.4]-nonane-1,6-diones 190 by using chiral N-triflylphosphoramide 191 as the catalyst (Scheme45). [71] Up to four consecutive stereocenters, including one quaternary stereogenic center, were successfully constructed with excellent enantioselectivity by this transformation.A series of substrates containing different R 1 ,R 2 ,a nd R 3 groups were investigated and gave the desired products with good to excellent diastereo-and enantioselectivities (93:7 to > 99:1 d.r., 84-97 % ee). DFT calculations indicated that the Nazarov cyclization was the most difficult step in the process, and the stereochemistry at C1 was determined by the catalyst's stereochemistry at the cyclization step, which then influenced the stereochemistry at C2 in the ring expansion step. Finally,t he chiral catalyste nvironment influenced the protonation from the forwardf aceo f192 and built the chiral centera tt he C4 atom. Significantly,t his was the first direct example to synthesize asymmetricc yclopentanones with four stereocenters by using the Nazarov cyclization.
Recently,L ist's group disclosed am ild and efficient catalytic asymmetricd earomatizing redox cross-coupling reactiono fa rylhydrazines 193 and ketones 194,f urnishing enantioenriched 1,4-diketones 195 with an all-carbon quaternary stereocenter in high enantiopurity (Scheme 46). [72] They investigated the scope of this transformation by testing different hydrazines and ketones. Cyclic ketones such as thio-substituted ketones, nitrogen-containing ketones, and cyclohexanones gave the de-sired products in good yields (61-75%)w ith high stereoselectivities (10:1 to > 20:1 d.r., 90.9:9.1-99:1 e.r.). The change from cyclohexanone to cyclopentanone led to ad iminished reactivity and stereocontrol (29 %y ield, 2.5:1 d.r., 78.4:21.6 e.r.), whereas the use of alternative hydrazines delivered the desired products in good yields (37-81 %) and enantioselectivities (89.5:10.5-96.4:3.6 e.r.). One phenyl hydrazine, (2,6-dimethylphenyl)hydrazine, was also tested but only gave moderate enantioselectivity (77.6:22.4 e.r.) and poor yield (< 5%). They proposed thatt his reaction proceeded through aF ischer-type [3, 3] -sigmatropic diaza-Cope rearrangement of the protonated ene hydrazine intermediate 197 to give diimine 198,t hen the corresponding product 195 a was obtained after hydrolysis. The diaza-Cope rearrangement would reasonably proceed either via ac hair-like (A1)o raboat-like (A2)c onformationo f the protonated ene hydrazine intermediate. Apparently,t he axial substituent in A1 caused steric repulsion with the cyclohexene ring, leadingt oal essf avoredc onformation. In contrast, the [3, 3] -sigmatropicr earrangement from the boat-like conformation A2 would proceed smoothly to generatet he observed anti-1,4-diketone.
Asymmetric Ion-Pairing Catalytic Cascade Reactions
Charged reagents and intermediates are very commoni no rganic synthesis. Although covalent Lewis acid and hydrogenbond donor catalysts cannot promote the reactions of charged intermediates straightforwardly,i on-pairing catalysis has emerged as am ost attractive strategy. [73] Ion-pairing catalysis is realized through the interaction between two ions of opposite charges; these types of interactions are inherently less directional than covalento rh ydrogen-bonding interactions, which increases the challenge of the stereoselective control. Therefore, the designing of efficient chiral ion-pairing catalysts to induceh igh stereoselectivity is the long-term targets of chemists. Phase-transferc atalysis with chiral cationic or cation-binding catalysts has ar elatively long history, [74] whereas asymmetric ion-pairing catalysis with chiral anionic and anion-binding catalysts, which will be briefly described in this section, is arelatively new field that has developed rapidlyi nt he past few years. [75] 4.1. Chiralanion-directed catalytic cascadereactions Chiral anion-directed catalysis relies on chiral anionic catalyst activated transformationst hrough electrostatic interactions with cationic intermediates or intermediates that utilize cationic reagents or catalystst or ealize the selectivec ontrol.S trong chiral Brønsted acids such as chiral phosphoric acid derivatives have been mainly used as this kindo fc atalysto vert he past few years.
In 2011, Wang and Taoe tal. developed an asymmetric ionpairingc atalytic double Michael cascade reaction between isatylidene malononitriles 173 and a,b-unsaturated ketones to provideaseries of novel chiral spiro[cyclohexane-1,3'-indoline]-2',3-diones 199 in high yields with excellent diastereo-and enantioselectivities (Scheme 47). [76] Ac inchona-based chiral primary amine 200 and aB INOL-phosphoric acid 201 were combined as ap owerful and synergistic catalyst system,i nw hich the optimal ratio of catalystsw as provent ob e1:2f or this transformation. The reactionled to the corresponding products in highy ields (88-99 %) with excellent selectivities (96:4-99:1 d.r., 97-99 % ee), variations in electronic and steric properties of the substituents of isatylidene malononitriles had very little effect on the results.E none substrates bearing electron-donating, electron-withdrawing, and heteroaromatic substituents on the b-phenyl group also gave the desired adducts with excellent results (90-99% yield, 94:6-99:1 d.r., 97-99 % ee). It is worth notingt hat the stereoselectivities of this reaction were still excellent (95:5 to > 99:1 d.r., 95 %t o> 99 % ee)e ven at relativelyh igh temperature (100 8C).
Although chiral cation phase-transfer catalysis (PTC) was developedm ore than 25 years ago, the first example of chiral anion PTC was not reported until 2008 by To ste and co-workers, which provided as eries of b-alkoxy amines via meso-aziridinium ion intermediates. [77] In 2011, they developed the second application of chiral anion PTC, which successfully realized an asymmetrice lectrophilic fluorination by using an achiral insoluble cationic fluorinating agent and ac hiral phosphate catalyst( Scheme 48). [78] As eries of fluorinated heterocycles 203 and 205 weres moothly constructed from dihydropyranderived substrates 202 and dihydronaphthalenes or chromenes 204 with excellent results. They have also proposed the mechanism of this transformation. Twoe quivalents of lipophilic chiral phosphate 207 underwent salt metathesis with dicationic Selectfluor to generate am ore soluble, chiral electrophilic fluorinating agent 208,w hich was available to mediate the asymmetricf luorocyclization to provide the spiro product 205 a.U pon reaction, one equivalent of phosphoric acid 206 was generateda long with one equivalent of the defluorinated monocationic ion pair 209.T he anionic phosphate 207 could then be regenerated by deprotonation and ion exchange. Unlike the majority of enantioselectivee lectrophilic fluorination methodologies, this method allowed for catalytic generation of the chiral fluorinating reagent.
In 2013, Alexakis and co-workers describedt he first highly enantioselective organocatalytic Wagner-Meerwein rearrangement of strained allylic alcohols 210 by utilizingt he strategy of chiral anion PTC (Scheme 49). [79] With the catalytic generation of the chiral fluorinating reagent, aw ide range of chiral fluoro spiroketones 211 were smoothly constructed with excellent stereoselectivities through the ring expansion of strained allylic alcohols. The substrate scopee ncompassedb oth allylic cyclobutanols and allylic cyclopropanols based on the tetralone as well as the chromanone scaffolds,w ith electron-releasing, electron-neutral, and moderately electron-withdrawing substituents at C5 and C6. The aromatic ring of the substrates was essentialt ot he results. For example, substrates based on dihydropyran or cyclohexene scaffolds furnished the desired bfluoro spiroketones in good yields but with only moderate stereoselectivities. They have also tested the derivatization of the obtained product and the fluoro spirolactone compound was obtained with good resultst hrough as tereospecific BaeyerVilliger oxidation.
Anion-binding catalytic cascade reactions
Anion-binding catalysis relies on the bindingo fn eutral hydrogen-bond donor catalysts to unreactiveo rr eactive counterions of cationic intermediates in the enantiodetermining transitionstate structures.T od ate, only (thio)urea catalysts have been successfully applied for the anion-binding approaches as neutral hydrogen-bond donor catalysts. Jacobsena nd co-workersd eveloped an ew thiourea catalyst 215 fort he enantioselective cationic polycyclization reactions of hydroxylactams 213 (Scheme 50). [80] The proposed mechanism was that the dehydration of hydroxylactam first took place under the acidic conditions to provide the N-acyliminium ion intermediate, then the important transition state 216 was formed through the bindingo fc hiral thiourea to the counterion of the cationic intermediate, which induced the polycyclization to afford the final product 214.I nterestingly, there was ac lear correlation between the size of the aromatic group of 2-arylpyrrolidine thiourea catalysts and catalytic performance, with larger arenes providing improved reactivity and selectivity (Scheme 50 A, R = 4-OMe). Then, pyrenyl-substituted thiourea 215 d was used to catalyzet his transformation with variousa romatic terminating nucleophiles in excellent enantioselectivities (89-95 % ee). Finally,b ased on the experimental data, they proposed that the stabilizing cation-p interactions in the transition state played the keyr ole in asymmetric induction.
Later,t he same group developed ad ual thiourea catalyst system consistingo fachiral primary aminothiourea 219 and an achiral thiourea 220 for intramolecular oxidopyrylium [ 5 + +2] cycloadditions, which provided aw ide range of enantioselective 8-oxabicyclo[3.2.1]octane architectures 218 (Scheme 51). [81] The achiral thiourea had ar emarkable effect on this reaction and both the reactivity and enantioselectivity were improved in the presence of this catalyst. To elucidate the roles of the differentc omponents in this dual thiourea catalysts ystem, they performed as eries of catalyst structure-activity relationship studies in the presence and absence of 220.The chiral primary amino catalyst lacking the thiourea moietyc ould also promote this reaction in good yield and enantioselectivity (85 % ee), but only in the presenceo fthiourea 220.T ertiary aminothiourea was unreactive in both of the presence and absence of 220,w hich indicated the necessity of ap rimary amine for the catalytic activity.B ased on the experiments,amechanism was proposed that involved condensation of the primary aminothiourea with the ketone of the pyranone substratet o form ad ienamine intermediate, followed by benzoate abstraction by achiral thiourea and the formation of the key ion-pairing transition state 221,which finally underwent the cycloaddition to provide the target products.
In 2011, they reported another asymmetric anion-binding/ nucleophilic co-catalysis to generate a,a-disubstituted butyrolactone products 224 through the enantioselective acylation of silyl ketene acetals 222 by using ac hiral thiourea catalyst 225 in combinationw ith 4-pyrrolidinopyridine (Scheme 52). [82] The nature of the acylating agent had ag reat influence on the results andb enzoyl fluoride proved to be more reactive and selective than benzoic anhydride. It is worth noting that the outstanding hydrogen-bond accepting ability and silicon affinity of the fluoride anion likelyp layed important roles in enabling this transformation. They observed that the size of the silyl group had am easurable influenceo nt he rate of the reaction, but it did not affect the enantioselectivity.Am echanism was proposed involving the formation of at hiourea-bound acylpyridinium·fluoride ion pair 227,i nw hich the thiourea was associated with the fluoridea nion and the catalyst arene substituent was engaged in as tabilizing interaction with the acylpyridinium cation.I ntermediate 228 was formed by desilylation of the silyl ketene acetal,w hichw as proposed to be rate determining on the basis of the observed dependenceo ft he overall rate on the identity of the silyl group. Then, enantiodetermining acylation occurred to generatet he target product. This was the first example of anion-binding catalysis with fluoride, and the gram-scale synthesis was also realized by using only 0.5 mol %t hioureac atalyst.
Scheme50. Enantioselectivethiourea-catalyzed cationicpolycyclizations. TBME = tert-Butyl methyle ther. Recently,J acobsen et al. developed ac atalytic method for the addition of 3-substituted indoles 229 to pyrone-derived electrophiles 230 to provide as eries of simplified pleiomaltinine analogs 231 bearingadefined quaternary stereocenter (Scheme 53). [83] Arylpyrrolidino-derived thiourea 232 catalyzed this reaction with high stereoselectivity in the presenceo fc atalytic quantities of an achiral Brønsted acid. Both electron-withdrawing and electron-donating substituents on the indole ring were well tolerated andg ave the desired products in good yields with excellent selectivities. Several experiments were carried out to investigate the mechanism of this indole-pyrone addition reaction. Variation of the leaving group on the pyrone precursorw as found to impact the enantioselectivity.F urthermore, the N-methylated analog of tetrahydrocarbazole gave only racemic cycloaddition products, which indicatedacrucial role of the indole NÀHi nt he catalytic mechanism.V ariation of the identity or the amount of the Brønsted acid cocatalysth ad very little effect on the reactiono utcome, suggesting that the acid does not participate directlyi nt he enantiodetermining step. Based on those findings,t hey believed that specific interactions between the catalysta nd both the pyrone leaving group and the indole NÀHm oiety would be involved in the enantiodeterminings tep. Finally,i on-pairing intermediate 233 was proposed to elucidate the mechanism and stereoinduction.
Summary and Outlook
Since the concept of "organocatalysis" was introduced in 2000, all kinds of new activation modes,n ew catalysts, and catalytic systemsh ave been rapidly developedo ver the past 15 years. These research findings provide ag ood theoretical basis for the development of asymmetrico rganocatalytic cascade reactions, which greatlye nrich the asymmetric synthesis of complicated chiral compounds.A symmetric organocatalysis hasa lready reached the maturity stage, however,t here are still some limitations, which should not be neglected.F or example, the loading of organocatalysts is generally much higher, the reaction time is relatively longer,a nd large-scale reactions cannot always be accomplished with good results.T hese existing problemsl imit the furtherd evelopments and applications of organocatalysis. Therefore, it is still necessary to develop more efficient catalysts and transformations. As it is such an important research area to synthesize natural products and bioactive molecules throughn ovel asymmetrico rganocatalytic cascade reactions, more exciting progress can be expected in the near future.
